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Abstract: An electromagnetic stirring process near liquidus temperature was designed and demonstrated
experimentally to produce semi-solid slurry of AZ91 magnesium alloy, in order to avoid not only contamination from
mechanical stirring but also the inflammation of Mg alloy melt at elevated temperature. AZ91 alloy feedstock was
isothermally heat treated at 600-610 for 20 min, and then stirred by electromagnetic field. Globular primary particle
characteristic was observed optically in the castings. Mechanical properties were also studied.
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M
agnesium based alloys are being developed as one of the
most popular engineering constructional materials for
manufacturing industry, owing to its high specific strength which
benefits to save energy; well castability and its magnetic shield
characteristic for 3C (Computers, Communications and
Consumer electronics) products, recycle, abundant resources and
potentially low cost [1-3].
Although HPDC (high pressure die casting) is the dominant
method in manufacturing commercial parts of this promising
metal [3, 4], semi-solid metal processing [5, 6] may take the former
place because of near net-shape forming, better mechanical
properties, less energy-consuming, longer die life, etc.
Thixomolding [7, 8] is one of the successful semi-solid forming
methods for producing magnesium based alloy parts. Its
feedstock, which was machined into chips from casting billet,
has fine equiaxed or dentritic grain microstructure. During the
reheating, which is the key to subsequently thixoforming process,
the microstructure evolves into globular grains [9, 10]. However,
thixomolding machine is expensive with a complicated system.
The feedstock processing is both time-consuming and costly,
and the slurry may easily be contaminated by the screw. Recently,
a new SSM (Semi-Solid Metal processing) method was
developed, in which Mg-based alloys are isothermally treated
between solidus and liquidus temperature, and eventually the
primary dendritic microstructure transforms into globular
particles [11-12].
In this investigation, a new method was designed to utilize
electromagnetic stirring (EMS) to prepare semi-solid slurry for
thixoforming. Varied from preparing semi-solid slurry for semi-
solid ingot or rehocasting by EMS, in which alloy melt with a
temperature higher than 700 has to be cooled down [13, 14], in
this process EMS is applied to churn up the remelted magnesium
alloys near the liquidus temperature, and the alloy slurry produced
is then poured into metal mold at the desired temperature between
the solidus and liquidus temperatures. The feasibility of preparing
magnesium alloy semi-solid slurry by EMS, as well as the
microstructure and the mechanical properties of castings were
studied in this investigation.
1 Experimental setup
Experimental equipment is shown in Fig. 1. It is composed of
three parts: EM-stirrer which consists of a group of coils, a set
of heater and a stainless steel crucible, and a protective system.
The stirrer is made up of a three-phase-three-pole coil, and the
working principle of the stirrer is as follows [13,14]: when
alternating current circulates through the coils, a changing
electromagnetic field would be produced, and then an induced
current J generates in the metal according to Faraday’s law,
and
Where µ is magneto-conductivity, and B is magnetic intensity.
So, an electromagnetic force (Lorentz force) F would be imposed
on the molten metal, and
The first term on the right of equation (2) represents the whirling
driving force which stirs the molten metal, and the second term
represents the radial restriction force. The power of electric supply
was about 25 kW and frequency was 50 Hz.
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2 Experimental details
2.1 Alloy feedstock processing
AZ91 alloy, whose solidus and liquidus temperature are,
respectively, 470 and 598 , is the most commonly used alloy
to produce commercial parts. The magnesium alloy ingots were
prepared by smelting and subsequently poured into a wedge-
shaped stainless steel mold. Nominal chemical composition of
AZ91 alloy is shown in Table 1. Microstructure of the ingot, as
shown in Fig. 2, consists of dentritic grains. Ingots were sawed
into pieces of about 5 mm thick then broke down into scraps
with dimension about 5 mm 5 mm, as shown in Fig. 3.
1. Feeder, 2. Thermocouple, 3. Cover, 4. Coil, 5. Heater,
6. Stainless steel crucible, 7. Semi-solid alloy, 8. Protective
argon gas, 9. Valve, 10. Magnesium scraps
Fig. 1 Schematic drawing of experimental equipment
2.2 Experimental conditions
Alloy feedstock was put into the stainless crucible. When the
temperature reached 300, protective argon gas was passed into
the crucible in order to avoid oxidation. Hold the alloy at desired
temperature for 20 min, then EM stirrer begins to agitate the
alloy slurry for about 10 min. Finally, magnesium alloy slurry
was poured into the triangular mold, as shown in Fig. 4. The
soaking temperature used in this study was 600-610, and the
pouring temperatures were 600, 590, 580 and 575,
respectively. The casting sections were polished, and then etched
by a 4% oxalic acid solution. Microstructure characteristic was
examined using optical microscopy and analyzed by electron
microprobe (EPMA1600).
Mechanical properties of the castings such as tensile strength
and percentage elongation were tested according to ISO 6892-
1998.
3 Results and discussions
3.1 Microstructures of castings
By EM stirring, the melting feedstock can be cast as shown in
Fig. 4. During the experimental process, the melt was poured
into the mold after the whirling melts calmed down in order to
minimize oxidation. When the pouring temperature was near the
AZ91 liquidus temperature (598), the microstructure of the
triangular casting sample comprised of α-Mg solid solution
(white globular in Fig. 5), and quenched eutectic, which consist
of α-Mg solid solution and Mg
17Al
12 (black composition). Results
indicated that the lower the shaping temperature, the bigger the
volume fraction of the primary solid particles. Moreover, the
globular particles agglomerate together, as shown in Fig. 5, due
to the high collision probability of solid particles that resulted
from EM stirring.
In view of the heating temperature and the globular
microstructure, the slurry achieved was semi-solid molten alloy,
which is thixotropic. According to Scheil-equation [15]:
Where T
m is the melting point of the pure component, m
1 is the
slope of the liquidus, k is the partition coefficient and C
0 is the
alloying element content. It was calculated that the solid fraction
of slurry was ƒ
s=0.4 at T=580.
3.2 Electron probe microanalysis
Surface scanning method was used to detect aluminum content
in the selected primary particle, as shown in Fig. 6(a). From a
typical Al content distribution curve as shown in Fig. 6(b), it can
be seen that Al content is much higher in the grain boundaries
and the eutectic structure (entrapped liquid) than that in the grain
(3) ƒs =1-{(Tm-T)/m1c0}-1/1-k
Fig. 2 Optical image of as-cast AZ91 microstructure
100 µm
Fig. 3 Morphology of the investigated alloy feedstock
3 mm
Process of magnesium alloy thixoforming and
the picture of the casting using EMS
Fig. 4
Table 1 Composition of the AZ91 alloy, wt%
Zn
0.45-0.9
Mn
0.17-0.4
Si
<0.05
Fe
<0.004
Cu
<0.025
Ni
<0.001
Al
8.5-9.5
Mg
bal.188
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body. Al content is the highest in grain boundaries and sharply
decreases as it enter the grain body, but it jumps to high
concentration at the entrapped liquid. This result is in line with
that the mean composition of α-Mg solid solution is lower than
the nominal composition of the alloy and the eutectic consists of
Mg17Al12 and α-Mg solid solution due to non-equilibrium
solidification [16, 17]. The entrapped liquid also has high Al-content,
and thus solidifies at the end of process.
3.3 Mechanical properties testing
Results of mechanical properties testing are shown in Table 2. It
indicated that castings poured near liquidus temperature have
better mechanical properties than that of AZ91C (PM) with T4
heat treating (i.e. Rm=175 MPa, A=1.8%) [18], and decrease with
decreasing pouring temperature, i.e. the increasing solid fraction,
which is in line with what is presented in references [5, 6, 19].
4 Conclusions and Outlook
An EMS-near liquidus method to prepare magnesium-based
semi-solid slurry has been developed and demonstrated. Globular
microstructure was achieved by transforming the initial dentritic
microstructure during reheating period by EMS. The flow ability
of the slurry is similar to that of conventional thixoforming.
Mechanical properties of the EMS near liquidus casting are better
than that of AZ91C (PM).
In comparison with thixomolding process, EMS-
thixofroming has some advantages, for example, simple
feedstock processing, no contamination caused by screw, simple
equipment structure, etc. Moreover, Mg alloy, as a flammable
metal at elevated temperature, can be produced relatively safe
by the new process.
Fig. 5 The microstructures of as-produced alloys poured at different temperatures, respectively
Fig. 6 SEM image of the selected grain (a) and Al content distribution (b)
200 µm
(a) 600 
a
200 µm
(b) 590 
b
200 µm
(c) 580 
c
200 µm
(d) 575 
d
α-Mg
Eutectic
Entrapped  liquid
a b
Mechanical properties
Pouring temperature, 
Tensile strength, MPa
0.2% proof stress, MPa
Percentage elongation, %
600
198
128
2.74
590
193
125
2.71
580
193
127
2.59
575
186
120
2.65
Table 2 Mechanical properties at different pouring
temperature189
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